The Precambrian and lower Paleozoic units of the Japanese basement such as the Hida Oki and South Kitakami terranes have geological affinities with the eastern Asia continent and particularly strong correlation with units of the South China block. There are also indications from units such as the Hitachi metamorphics of the Abukuma terrane and blocks in the Maizuru terrane that some material may have been derived from the North China block. In addition to magmatism, the Japanese region has seen substantial growth due to tectonic accretion. The accreted units dominantly consist of mudstone and sandstone derived from the continental margin with lesser amounts of basaltic rocks associated with siliceous deep ocean sediments and local limestone. Two main phases of accretionary activity and related metamorphism are recorded in the Jurassic Mino-Tanba-Ashio, Chichibu, and North Kitakami terranes and in the Cretaceous to Neogene Shimanto and Sanbagawa terranes. Other accreted material includes ophiolitic sequences, e.g. the Yakuno ophiolite of the Maizuru terrane, the Oeyama ophiolite of the Sangun terrane, and the Hayachine-Miyamori ophiolite of the South Kitakami terrane, and limestone-capped ocean plateaus such as the Akiyoshi terrane.
Connections with the basement of the east Asian continental margin are shown by the presence of domains of intact continental crust.
However, the original geological continuity between Japan and east Asia has been disrupted by the Miocene opening of the Sea of Japan and direct correlation is uncertain in many cases. In addition to accretion, plate convergence in Japan has also been associated with widespread magmatism represented by multiple intrusive bodies and volcanic deposits, which cross cut and overlie earlier accreted units.
The magma formation involves both the recycling of old crust and addition of new. The above features make Japan one of the premier sites in the world to study the effects of plate convergence both in the present and the past, including subduction, accretion and subduction erosion, and the formation of continental crust.
In this contribution, we present a summary of the basement terranes of Japan. Several previous excellent summaries have been presented including Isozaki et al. (2010) , Wakita (2013) and most recently in the Geology of Japan (Chapters 1, 2a-2h, and 3: Ehiro, Tsujimori, Tsukada, & Nuramkhaan, 2016; Ishiwatari et al., 2016; G. Kimura, Hashimoto, Yamaguchi, Kitamura, & Ujiie, 2016; Kojima et al., 2016; Miyazaki, Ozaki, Saito, & Toshimitsu, 2016; Taira, Ohara, Wallis, Ishiwatari, & Iryu, 2016; Tatsumi et al., 2016; Ueda, 2016; S. Wallis & Okudaira, 2016) . Our purpose here is to provide a comprehensive summary of the geological basement terranes of Japan, including many that have not been closely studied and are not widely known outside of Japan (or even within). The alphabetical arrangement of the explanations is a unique feature of our paper. Our reason for choosing this dictionary-style presentation is to make it easy for interested parties to find the relevant explanation for a particular geological terrane. Not all geological terranes are introduced with the same level of detail. This is mainly a reflection of the differences in the state of research on the different terranes, but is also affected by the research interests of the authors. We do not attempt to present a unifying tectonic model. However, in the descriptions of individual terranes we do highlight tectonic settings that have been proposed.
To place the explanatory text in context and show the geographic distribution of the terranes and units mentioned, we present a summary map ( Figure 1 ) and a series of three geological maps covering all the main landmasses of Japan (Figure 2a-c) . The geological map is based on the map presented by Taira et al. (2016) , but is more detailed and includes numerous modifications that better reflect the current state of knowledge. Taira et al. (2016) is the introductory chapter to the Geology of Japan; an important English-language resource where detailed information can be found both on the geological units of Japan and how this geology relates to other fields of related studies such as seismology.
One of the motivations for preparing this contribution was to make available an up to date digital summary map of the geology of Japan. We hope this will be a useful resource for many students of Japanese geology. To maximize the utility of this map, we have decided to make an electronic version available in a format where it can be freely edited. The map can be downloaded from the website http://science.shinshu-u.ac.jp/~mori/BGJ/index.html. Use of this map should help reduce the amount of valuable research time spent redrawing the same introductory figure in numerous different laboratories around Japan and other countries. Researchers and students are free to make use of this resource, although we do ask that they reference this paper as the original source of information. A second advantage of making the map available online is that we can incorporate new discoveries or corrections as new outcrops are uncovered, and the results of new research become available. We invite communications on these aspects to be sent to base.geol.jpn@gmail.com.
Updated versions of our map will be made available when appropriate.
The map includes bathymetry, and the online version is available in different projections.
| Belts, terranes, and basement
The distinct geological units of Japan on kilometer scales are generally referred to as belts, or -tai (帯) in Japanese. Some of these units show elongate distributions, and their outlines can be said to resemble belts; however, many do not. To avoid any potential confusion about the implied shape, here we use the word terrane. To qualify as a distinct terrane in our usage, a geological domain should show clear differences in geological history when compared to its neighboring terranes with emphasis on age of primary formation, pressure-temperature conditions and age of metamorphism and lithological associations. Some other studies restrict the use of terrane to fault-bounded domains (Jones, Howell, Coney, & Monger, 1983) . Our more general usage allows us to include metamorphic domains such as the Ryoke metamorphism as a distinct terrane although its boundary with neighboring units is in part gradual and non-tectonic. We also include some terranes, such as the Hida Gaien terrane, which are complex mixtures of units with different characteristics. In this case, one of the main distinguishing features of the terrane is its complexity and variability. For the sake of brevity and clarity, we have tried to keep any subdivisions of terranes to a minimum. However, where tectonic subdivisions need to be mentioned we use the term unit.
We also use unit to refer to distinct sedimentary sequences or layers.
We hope with some forbearance the variable uses of the terms terrane and unit should not cause too much confusion or irritation.
When preparing our basement geology map, we were also faced with the problem of deciding what geological criteria we should use to define basement. First, we exclude nearly all plutonic and recent volcanic rocks. The only exception is in areas where there is no evidence for significant crustal rocks before the development of the current distribution of volcanic units, such as the Izu Peninsula. In many cases, we have also excluded Mesozoic and Cenozoic sedimentary basin fill. This includes some important depositional sequences such as the Tetori and Kuruma Formations famous for macro fossil remains; the extensive Izumi Formation to the north of the Median Tectonic Line; and the Monobegawa and Ryoseki Formations overlying the Chichibu terrane. We also exclude the deposits formed in the Fossa Magnaa major rift-zone sequence developed during the Miocene opening of the Sea of Japan (Figure 1) . The relatively young geology of Hokkaido makes such an approach inappropriate in this area. For instance, the Yezo Group sediments formed in Cretaceous superficial forearc basins, but have become so closely involved in the subsequent orogen that it is more appropriate to include them as part of the basement.
The removal of large parts of cover sequences may give a misleading impression about some aspects of Japanese geology. For instance, the geology of the island of Kyushu is currently dominated by the presence of a set of nested calderas including the voluminous Mt. Aso (Nakada, Yamamoto, & Maeno, 2016) . However, there is no place for this on our map. Also, a cursory glance at our basement map of Figure 2 suggests that southwest Japan is geologically considerably more complex than the equivalent area in the northeast. This is at least in part a reflection of the poorer outcrop in the northeast; significant recent surface uplift and erosion have taken place in southwest Japan which has led to the removal of the volcanic cover revealing much of the basement geology with its complexities.
| GEOLOGICAL TERRANES

| Abukuma terrane (Ab)
The Abukuma terrane is situated to the northeast of Tokyo and consists mainly of early Cretaceous intrusive rocks with patches of the original metamorphic basement rock. The age, high T/P metamorphic conditions, and close association between igneous activity and metamorphism suggest possible links with the Ryoke terrane of southwest Japan. However, the presence of older protoliths and local evidence for high-pressure metamorphism (Hiroi, Kishi, Nohara, Sato, & Goto, 1998) show the Abukuma terrane has a more complex history. The metamorphic rocks of the Abukuma terrane can be separated into the Gosaisho, Takanuki, and Hitachi units. There is also a set of undated metamorphosed limestone, pelite, chert, and mafic-ultramafic rocks F I G U R E 1 Summary map of Japan showing the location of the main islands, cities, volcanoes, and numerous geological features mentioned in the text. The named volcanoes represent all those listed as rank A and a selected number of those listed as rank B by the Japan Meteorological Agency (Japan Meteorological Agency, 2005) . The inner and outer zones of Southwest Japan refer to the inner and outer parts of the arc in Honshu, Shikoku, and Kyushu with the boundary along the major long-lived tectonic boundary, the median tectonic line (MTL). ISTL, Itoigawa-Shizuoka Tectonic Line; KCTL, Kashiwazaki-Choshi Tectonic Line; MTL, Median Tectonic Line; TTL, Tanakura Tectonic Line F I G U R E 2 A summary map of the basement geology of Japan. The distinction between basement and cover is not clear-cut and an explanation of the units that were included is given in the main text. A digital version of this map can be downloaded from http://science.shinshuu.ac.jp/~mori/BGJ/index.html. The outline map was constructed using GMT software and the bathymetric data are taken from the NOAA dataset ETOPO1. The outlines of the Daiichi Kashima and Erimo seamounts represent the 5000 m bathymetric contours. (a-c) The areas covered are shown in Figure 1 [Correction added on 7 February 2020, after first online publication: Figure 2a has been corrected.] (Ehiro, Kanisawa, & Taketani, 1989) as isolated roof pendants, of probable oceanic island origin located in the northwest of the terrane.
The main lithologies of the Gosaisho unit are metamorphosed mafic and siliceous rocks with lesser amounts of pelitic and calcareous rocks. The lithological association, presence of Early Jurassic radiolarians in meta chert and MORB (mid-ocean ridge basalts) geochemistry of mafic rocks imply an oceanic crustal origin. In contrast, the Takanuki unit consists mainly of pelitic-psammitic rocks with small amounts of calcareous, lateritic, siliceous, and mafic rocks. Peliticpsammitic rocks are usually migmatitic, indicating that partial melting took place during high-grade metamorphism. The boundary between the Gosaisho and Takanuki metamorphic units is marked by granitic intrusions and the presence of lenses of ultramafic rocks.
The main metamorphism of the Gosaisho and Takanuki units is part of the andalusite-sillimanite type progressive metamorphism as defined by Miyashiro (1961) . However, careful petrological studies have shown this was preceded by a phase of short-lived high-temperature (> 700 C) burial to pressures ≥ 1 GPa in the kyanite stability field. Subsequent exhumation and metamorphism took place in the Cretaceous (Hiroi et al., 1998; Hiroi & Kishi, 1989) with both orogenesis-related regional metamorphism and intrusion-related contact metamorphism recognized. This type of history could be related to ridge-trench interactions (Brown, 1998 The Hitachi unit is located in the southernmost part of the Abukuma terrane (Tagiri, Dunkley, Adachi, Hiroi, & Fanning, 2011) and consists of Early and Late Paleozoic sedimentary, volcanic, and related intrusive rocks typically metamorphosed to the epidote F I G U R E 2 (Continued) amphibolite facies. Similar lithologies with similar ages are also recognized in the South Kitakami terrane. The Hitachi unit includes Late Cambrian sedimentsthe oldest known sedimentary strata of the Japanese archipelago. The associated magmatism is evidence for the existence of a Cambrian arc, which has also been postulated on the basis of detrital zircon ages (Isozaki et al., 2010) . The large age gap between the Cambrian rocks and overlying upper Paleozoic strata can be correlated with the 'great hiatus' in Paleozoic stratigraphy seen in the North China block and may indicate a common paleogeographic provenance.
| Akiyoshi terrane (Ak)
The Akiyoshi terrane is an unmetamorphosed dominantly carbonate sequence of Carboniferous to Permian age located in the northern part of western Honshu. The Akiyoshi carbonate units are famous in Japan for the associated Karst geomorphology and limestone caves and well-preserved fossils of foraminifera, fusulinids, conodonts, corals, and other reef-forming biota. The stratigraphy of the Akiyoshi terrane is also important as a long-term (~80 my) record of climatic events and sea-level changes in the Panthalassa Ocean, which can be related to the growth and retreat of the Late Palaeozoic Gondwana ice-sheet (Kanmera & Nishi, 1983; H. Sano & Kanmera, 1988) .
In more detail, the Akiyoshi terrane consists of a sequence of lower Carboniferous basalt overlain by Carboniferous to mid Permian limestone and associated with contemporaneous deep-water chert, siliceous tuff, and terrigenous rocks. The basaltic rocks formed by hotspot-type volcanism in the equatorial zone of the Panthalassa Ocean (S. Sano, Hayasaka, & Tazaki, 2000; Tatsumi, Kani, Ishizuka, Maruyama, & Nishimura, 2000) . The carbonate rocks show depositional environments ranging from shallow-marine atoll facies to deeper redeposited clastic deposits interpreted as atoll-slope units. The radiolarian and sponge-
spicule cherts are interpreted as deep marine deposits (H. Sano & Kanmera, 1988) . The Akiyoshi terrane also contains regions of mélange with a scaly mudstone matrix containing blocks of limestone up to kilometer size. H. Sano and Kanmera (1991a , 1991b , 1991c , 1991d suggest the Akiyoshi seamount became dismembered due to forearc bulge normal faulting and the fragmented succession was then incorporated in the accretionary complex. The Akiyoshi carbonate units are unconformably overlain by Upper Triassic terrestrial sediments giving a younger limit on the age of accretion and emplacement at the Earth's surface.
| Cenozoic volcanics (CV)
Cenozoic volcanic deposits make up a significant part of Japanese geology. However, here we only include those areas that are part of the on-land sequence and yet show little or no evidence for preexisting basement lithologies. The two main areas are around the Izu Peninsula and in northwest Kyushu.
The Izu Peninsula is the northernmost part of the Izu-Bonin-Mariana (IBM) arc, which collided with the Honshu arc at around 15 Ma causing a strong bending of the preexisting geological structure (Stern, Fouch, & Klemperer, 2003; Takahashi & Saito, 1997; Taylor, 1992) . The oldest part of the IBM arc is around 50 Ma and consists of high Mg andesite, which is thought to occur as an early high T mantle melt shortly after the onset of subduction (Tatsumi et al., 2016) . In this case, the boninite formation can be related to the onset of subduction of the Pacific plate beneath the Philippine Sea plate. This early phase of volcanism was followed by tholeiitic to calc-alkaline volcanism with a pause in activity 25-15 Ma when the Shikoku Basin opened. Since about 3 Ma the main volcanism has been tholeiitic.
The volcanism in northwest Kyushu is part of the large domain of alkaline volcanism that affected the northwest coastline region of the archipelago and was related to the opening of the Sea of Japan (Mashima, 2009) . The main activity is basaltic and concentrated in the period 9 Ma to the present although a smaller amount of felsic volcanism occurred at around 15 Ma (Sakuyama, 2010) . Notable Early Miocene moonstone rhyolites erupted in the early stage of the Sea of Japan opening in coastal areas, and their chemical compositions closely resemble Ethiopian rift-zone rhyolites, except for their lower Nb contents (Ayalew & Ishiwatari, 2011) . This phase of magmatism is thought to be related to mantle upwelling although the scale of this event is disputed (Iwamori, 1991; Mashima, 2009; Sakuyama, 2010) . Hattori (1992) reports the presence of metamorphic xenoliths in the volcanic rocks, and it is possible that this area is underlain by the Nagasaki or Sangun metamorphic rocks.
| Chichibu terrane (Ch)
The Chichibu terrane is one of the main terranes of the outer zone of southwest Japan ( Figure 2 ) and can be traced over a distance of 1500 km from the Kanto Mountains north of Tokyo through Shikoku and Kyushu to the Ryukyu Islands in the southwest. Despite its good lateral continuity and wide distribution, this terrane has been less studied than either the Sanbagawa terrane to the north or the Shimanto terrane to the south. Part of the reason for this is the pervasive low-grade metamorphism which has been difficult to analyze by traditional petrological methods but is now receiving more attention (Endo & Wallis, 2017) . The Chichibu terrane is commonly divided into northern, middle, and southern units, also referred to as the Chihibu, Kurosegawa, and Sanbosan belts or terranes, in the same order. Here we summarize information for the northern and southern Chichibu units. The lithologically distinct and older Kurosegawa terrane is treated as a separate terrane.
| Stratigraphy and age
The Chichibu terrane consists of ocean plate sequence lithologies including pelagic deposits such as chert and terrigenous sediments consisting of mudstone and sandstone. Oceanic rock units consisting of limestone and basalt are also widely developed. Mélange is common and consists of a mudstone matrix enclosing blocks of sandstone, chert, limestone, and basalt. Microfossils (radiolarians, conodonts, foraminifera) show sedimentary ages of Late Permian to early Cretaceous (Matsuoka, Yamakita, Sakakibara, & Hisada, 1998) , consistent with detrital zircon U-Pb ages (Endo & Wallis, 2017; Tominaga, Hara, & Tokiwa, 2019) . These age constraints are important in dis- This limestone yields fossils of the bivalve megalodont indicating deposition in the Tethyan Realm (Tamura, 1987) . Jurassic to Lower Cretaceous shallow marine limestone referred to as Torinosu limestone is a characteristic deposit of the southern Chichibu terrane and may have formed on a forearc ridge (Matsuoka, 1992) . The presence of unconformably overlying Lower Cretaceous shallow marine sediments of the Ryoseki and Monobegawa Groups shows accretion and exhumation of the Chichibu rocks was complete by this time.
| Structure
The northern Chichibu unit can be divided into several distinct tectonostratigraphic domains. The structurally lower domains are stratigraphically younger suggesting progressive tectonic stacking related to subduction accretion. The position of the Chichibu terrane in the geological framework of southwest Japan is contentious: some workers suggest it is a klippe (Isozaki, 1996) while others propose it is part of a strike-slip domain related to large-scale lateral movement along the Kurosegawa terrane (see discussion in Kojima et al., 2016) .
Strong lithological similarities between the northern and southern units are evidence in favor of a klippe structure. However, there are also distinct differences. Two main examples are: the deposition of siliceous mudstone in the northern unit lasted two to three times longer than that in the southern unit; and Late Jurassic accretionary domains are common in the southern unit but missing in the northern unit. Endo and Wallis (2017) present direct structural evidence in favor of an overall gently dipping klippe structure for the northern unit. However, a similar detailed study has not been carried out in the southern unit.
| Metamorphism
The northern Chichibu unit has undergone widespread high P/T metamorphism which can be related to convergent tectonics in a subduction setting. The progressive northward increase in metamorphic grade from the Chichibu to the Sanbagawa terranes suggests it is the same metamorphism seen in both terranes. However, some old Ar ages (Itaya, Tsujimori, & Liou, 2011) suggest there was also an earlier separate phase that can be referred to as the Chichibu metamorphism. The peak pressures and temperatures in the northern Chichibu unit of Shikoku range from 0.65 GPa, 290 C close to the Sanbagawa terrane to 0.35 GPa, 220 C in the structurally higher southern part. Endo and Wallis (2017) show that the structural pile is insufficient to account for the differences in pressure seen and infer there has been significant post metamorphic tectonic thinning along low-angle normal faults. Similar metamorphic studies have not been carried out in the southern Chichibu unit.
Metamorphic and structural studies of the Chichibu terrane are important because they reflect the conditions close to the lower end of the seismogenic zone in a subduction zone and studies of the associated mineral reactions can help identify geological changes that control the change from seismic to non-seismic behavior. Endo and Wallis (2017) suggest that the breakdown of laumontite may be an important fluid-releasing reaction that can induce seismicity in subducting slabs.
| Hida Gaien terrane (HG)
The Hida Gaien terrane occupies a narrow domain located in central Japan that forms the border region between the Hida-Oki terrane and a series of neighboring terranes (Figure 2a,b) . The definition of this terrane differs between different workers (Kojima, Takeuchi, & Tsukada, 2005) and is also referred to as the Hida Marginal belt (or terrane) and in the Geology of Japan this terrane is discussed in chapters concerning both the Pre-Cretaceous accretionary complexes (Kojima et al., 2016) and
Paleozoic basement and associated cover (Ehiro et al., 2016) .
The Hida Gaien terrane consists of a series of fault-bounded mainly Paleozoic sedimentary blocks surrounded by serpentinite (Chihara & Komatsu, 1982; Komatsu, Ujihara, & Cihara, 1985; Sohma & Kunugiza, 1993) . The structurally lowest part of the stratigraphic section consists of mafic volcanics, followed by Ordovician to Carboniferous felsic tuff and limestone. Mafic rocks become common in the Upper Carboniferous. These units are followed by Lower to Middle Permian clastic and pyroclastic rocks. Age constraints on the lower Paleozoic stratigraphy are provided by microfossil finds including conodonts, ostracods, and recently chitinozoans (Siveter, Tanaka, Williams, & Männik, 2019; Tsukada, Takeuchi, & Kojima, 2004; Vandenbroucke et al., 2019 )despite apparently suitable lithologies graptolites have never been reported from this or any other area of Japan.
The Ordovician sediments are the oldest fossiliferous deposits of Japan. The chronology based on paleontology is supported by zircon U-Pb ages of around 470 Ma (Early to Mid Ordovician) (Nakama, Hirata, Otoh, & Maruyama, 2010) and 420 Ma (Late Silurian) (Manchuk, Horie, & Tsukada, 2013 ) from tuff deposits.
The Hida Gaien terrane has undergone strong tectonic disruption.
Dating of igneous intrusions cross-cutting sheared zones combined with field observations of deformation features reveal multiple stages of deformation in the terrane continuing at least until Late Cretaceous. The presence of 250-240 Ma granite intruding into both the Hida Gaien terrane and the neighboring Hida Gneiss unit suggests the two were juxtaposed by Triassic times. The region is locally overlain by the Jurassic-Cretaceous Kuruma and Tetori Formations.
| Hidaka terrane (HK) including the Hidaka metamorphic rocks (HK(m))
The Hidaka terrane is a Paleogene accretionary complex that diagonally bisects Hokkaido. The terrane has a maximum of 100 km wide but thins to less than half the distance toward the south. The dominant lithologies are turbiditic siliciclastic rocks including mudstone and sandstone and lesser amounts of conglomerate. These are associated with green and red mudstones, chert, and basalt. There are also chaotic mélange facies consisting of a sheared mudstone matrix and blocks of chert and limestone. Some of the basalt outcrops show evidence for synsedimenary intrusion and may have formed close to an active spreading ridge. Paleo magnetic data indicate that there has been large-angle clockwise rotation of the sedimentary units and a large part of the turbidite sequence may have originated as trench deposits at the junction of the Kuril and northeast Japan arcs (Nanayama, Kanamatsu, & Fujiwara, 1993) . The accretionary units of the Hidaka terrane are locally intruded by granite bodies that show contact metamorphism. Undeformed biotite hornfels of the contact metamorphism grades into biotite schist of the Hidaka metamorphic rocks to the west.
| Hidaka metamorphism
The original accretion-related structure of the Hidaka terrane has been overprinted by the effects of collision between two convergent plate margins: the northeast Japan and Kuril arcs (Arita et al., 1998; G. Kimura, 1986) . The deeper parts of this collision zone are exposed in the southwestern part of the Hidaka terrane and include a large domain of high-temperature and low-pressure metamorphic rocks underlain by the Horoman peridotite body (Ozawa & Takahashi, 1995) . The Hidaka metamorphic rocks form a domain trending NNW-SSE with a length of about 120 km and a width of 10-20 km. The base of this domain is defined by the east-dipping Hidaka Main
Thrust. The foliation generally shows a similar eastward dip.
The grade of the Hidaka metamorphism increases with structural depth. The structurally upper greenschist and amphibolite parts are dominated by pelitic rocks and are commonly associated with granite intrusions. The metamorphic rocks of the underlying higher-grade parts are dominated by amphibolite with lesser amounts of pelitic gneiss, and these are commonly associated with gabbro or tonalite intrusions (Maeda & Kagami, 1996) . The highest-grade garnet-and orthopyroxenebearing granulitic rocks are only found as xenoliths. Their presence suggests lower crustal metamorphic rocks are present at greater depths than those currently exposed (Shimura, Owada, Osanai, & Kagawa, 2004) .
The overall trends in metamorphic grade are broadly compatible with a single phase of regional metamorphism but U-Pb geochronology (Kemp et al., 2007; Usuki, Kaiden, Misawa, & Shiraishi, 2006) suggests the presence of two separate phases of metamorphism and igneous activity at 40-30 Ma and~19 Ma. In many cases, a clear distinction between these two stages is difficult in the field, and it seems similar processes occurred in the same place separated by 10-20 my.
The Hidaka terrane represents one of the most accessible sections through arc crust anywhere in the world with a total of 22-23 km structural section exposed (Komatsu, Miyashita, Maeda, Osanai, & Toyoshima, 1989; Komatsu, Toyoshima, Osanai, & Arai, 1994) . The granulite metamorphism is an important example of young high T metamorphism (Kemp et al., 2007) , and the Horoman body is an unusually fresh kilometer-scale peridotite that has been the source of valuable information about upper mantle processes.
| Hida-Oki terrane (HO)
The Hida-Oki terrane lies on the Sea of Japan coastal side including the Island of Oki and consists dominantly of a granite-gneiss with migmatite, impure marble, amphibolite, and minor aluminous pelitic schist. The grade of metamorphism is generally amphibolite to granulite facies. The Hida gneiss complex has been subdivided into 'inner' lower temperature and 'outer' higher temperature regions, based on the mineralogy of pelitic gneiss (M. Suzuki, Nakazawa, & Osakabe, 1989) .
The Unazuki metamorphic rocks occupy a distinct region of Barrovian-type metamorphism separated from the main body of Hida gneiss by a mylonite zone. The Unazuki metamorphic rocks include mafic, quartzofeldspathic, pelitic, and rare rudaceous schists associated with impure marble. The Unazuki pelitic schist is well known for the development of centimeter-sized well-formed staurolite crystalsa rarity in Japan.
Zircon U-Pb geochronology in metamorphic and igneous rocks indicates the main phase of Hida-Oki metamorphism and magmatism took place at around 250 Ma close to the Permo-Triassic boundary. Fossils of bryozoa and foraminifera give a sedimentary age of late Carboniferous for limestone of the Unazuki schist (Hiroi, Fuji, & Okumura, 1978) . However, crystallization ages of around 1.9 Ga (Cho, Takahashi, Yi, & Lee, 2012 ) suggest a much older origin for some of the Oki gneiss. The pelitic schist of the Hida gneiss yields detrital zircon U-Pb ages of~1.84 Ga (Y. Sano, Hidaka, Terada, Shimizu, & Suzuki, 2000) .
The lithological associations of the Hida-Oki terrane, and particularly the presence of aluminous mudstone, felsic volcanic rocks, and abundant impure siliceous limestone associated with granitic gneiss suggest a passive-margin origin (Isozaki, 1996 (Isozaki, , 1997 Wakita, 2013) and various possible links with geological units of eastern Asia have been proposed. Zircon ages show the Hida gneiss and Unazuki granite contain Archean and Paleoproterozoic components but lack evidence for Neoproterozoic zircons. These characteristics suggest a correlation with the North China block (Horie et al., 2010; Y. Sano, Hidaka, et al., 2000) . 
| Idonnappu terrane (including the Poroshiri ophiolite) (Id)
The Idonnappu terrane lies parallel to and east of the Hidaka terrane in central Hokkaido and is closely associated with the Sorachi-Yezo terrane to the west (Iwasaki, Watanabe, Itaya, Yamazaki, & Takigami, 1995; Watanabe, Iwaki, Ueda, & Koitabashi, 1994) . The Idonnappu terrane has an overall west-dipping structure and consists of the Naizawa, Oku-Niikappu, and Horobetsugawa units (Ueda, Kawamura, & Iwata, 2001; Ueda, Kawamura, & Niida, 2000; Ueda & Miyashita, 2005) . The structurally lower units in the east are younger, suggesting progressive accretion from west to east .
The Naizawa unit is dominated by basalt, Permian-Triassic limestone, and Triassic to earliest Cretaceous chert, associated with hemipelagic mudstone and terrigenous clastic rocks of middle Early Cretaceous ages (Kato, Iwata, Uozumi, & Nakamura, 1986; Kiyokawa, 1992; Sakakibara, Ofuka, et al., 1997; Sakakibara, Hori, Ikeda, & Umeki, 1997; Ueda et al., 2001) . Ueda et al. (2000) identified two kinds of basalts of differing occurrence and chemistry and interpreted the unit as a tectonic mixture of subducted Triassic seamounts with the Horokonai ophiolite that makes up part of the Sorachi Group.
The Oku-Niikappu unit is an ophiolitic mélange consisting of slices and blocks of serpentinized peridotite, gabbro-diorite, altered volcanic rocks, earliest Cretaceous chert, and mid-Cretaceous clastic sedimentary rocks separated by sheared serpentinites. All the igneous rocks show island arc chemical characteristics. The island arc volcanic and plutonic rocks also occur as sedimentary clasts in conglomerates interbedded with pelagic chert, which conformably overlie andesite and boninite volcanics. Ueda and Miyashita (2005) considered that these rocks were accreted fragments of a subducted intra-oceanic remnant arc like present-day Kyushu-Palau Ridge, where deep crustal (and potentially upper mantle) sections of an island arc had been exhumed in a pelagic environment owing to back-arc spreading offshore. The Horobetsugawa unit mainly consists of Late Cretaceous clastic sedimentary rocks tectonically intercalated with thin sheets of MORB-type mafic rocks and chert with pelagic red mudstone of mid-Cretaceous age (Kiyokawa, 1992; Ueda et al., 2000 Ueda et al., , 2001 . This unit also locally contains sedimentary mélange with blocks probably derived from the Naizawa unit, and a Palaeocene clastic sequence that probably represents trench slope basin deposits. The structurally lowermost parts of this unit underwent greenschist facies metamorphism. The easternmost part of the Idonnappu terrane is overturned and overthrust by the Hidaka metamorphic rocks.
| Poroshiri ophiolite
The easternmost part of the Idonnappu terrane is occupied by the N-S trending Poroshiri ophiolite (Miyashita, Kizaki, Arai, & Toyoshima, 1994) , which consists mainly of mafic volcanic rocks and gabbro and lesser amounts of peridotite and sedimentary rocks. The ophiolite shows widespread greenschist to amphibolite facies metamorphism with local granulite facies assemblages also recognized. Thrusting and folding have caused considerable disruption of the original ophiolite sequence (Miyashita, 1983) . This deformation has also caused interleaving of the Hidaka metamorphic rocks with the ophiolite (T. T. Arai, Miyashita, & Shimura, 1995) .
The geochemistry of the basalt and mineralogy of cumulate and peridotite all suggest that the ophiolite originated from normal oceanic crust formed at an oceanic spreading ridge (Miyashita, Adachi, Tanaka, Nakagawa, & Kimura, 2007; Miyashita et al., 1994) . Zircon U-Pb dating of plagiogranite yields an age of 96.7 Ma ±2.6 Ma (Kizaki, 2000) contemporaneous with pelagic sedimentation in the Late Cretaceous unit of the Idonnappu terrane. Ueda (2006) suggests the Poroshiri ophiolite represents part of the subducted oceanic slab on which the Idonnappu accretionary complex was formed.
| Joetsu terrane (Jo)
The Joetsu terrane lies immediately to the east of the Fossa Magna and adjacent to the Mino-Tanba-Ashio terrane. The geology of the Joetsu terrane is complex, but the rock types can be broadly divided into three different associations (Takenouchi & Takahashi, 2002) . 2. Permian units that consist mainly of black shale that may correlate with the Ultra Tanba terrane based on the presence of Late Permian radiolarian fossils (H. Suzuki & Kuwahara, 2003) . There is also a series of mélange and coherent units with chert layers and blocks of Permian to Jurassic age that can be correlated with the Mino-Tanba-Ashio terrane.
Shallow marine and brackish water deposits of Permian to Upper
Triassic age that can in part be correlated with the Maizuru terrane (F. Kobayashi, 1955) . Some may also correlate with the Tetori and Kuruma Formations. Associated limestone blocks contain Permian fusulinids.
Further refinement of our understanding of this area is likely to show that the Joetsu terrane is in fact an amalgamation of several independent terranes.
| Kurosegawa terrane (Ks)
The Kurosegawa terrane is a narrow generally E-W trending domain recognized from Kyushu to the Kanto mountains, northeast of Tokyo and lies between the northern and southern units of the Chichibu terrane. The Kurosegawa terrane consists of numerous blocks of diverse lithologies surrounded by a matrix of serpentinite. The serpentinite is derived mainly from dunite and harzburgite and distributed as sheet-like bodies up to several kilometers wide (Hada, Ishii, Landis, Aitchison, & Yoshikura, 2001) . The main blocks within the serpentinite consist of pre-Silurian basement lithologies including biotite gneiss, amphibolite, and garnet-clinopyroxene granulite with radiometric ages of 540-400 Ma (Osanai et al., 2000; Yoshikura, Hada, & Isozaki, 1990 ) overlain by Siluro-Devonian tuff and tuffaceous mudstone and sandstone (Yoshikura & Sato, 1976) . A mid-Silurian age (430 Ma) for some of the welded tuff was confirmed by zircon U-Pb SHRIMP dating (Aitchinson, Hada, Ireland, & Yoshikura, 1996) . The sedimentary sequence also locally includes limestone with Silurian to Devonian coral, trilobite, and conodont fossil assemblages (Männick et al., 2018; Niko, Hamada, & Yasui, 1989; Stocker et al., 2019) . The Kurosegawa terrane also contains numerous blocks that are enclosed in serpentinite and have unclear relationships with the basement and covering strata (Ichikawa, Ishii, Nakagawa, Suyari, & Yamashita, 1956) . Some of these blocks are mafic and pelitic schists with a range of metamorphic grades including pumpellyiteactinolite, blueschist, and epidote-amphibolite facies. The assemblage jadeite-glaucophane is also locally present. K-Ar ages range from 330 to 150 Ma (Maruyama, Ueda, & Banno, 1978; Wakita, Miyazaki, Toshimitsu, Yokoyama, & Nakagawa, 2007) . There are also granitoid blocks and isolated shallow marine deposits of Permian age. A younger limit on the timing of exhumation and exposure of the main units of the terrane is given by the presence of unconformably overlying Late Triassic shallow marine strata. There are strong similarities between the many of the units of the Kurosegawa and South Kitakami terranes and the two are thought to have related geological histories (Ehiro, 2000) .
| Maizuru terrane (including the Yakuno ophiolite) (Mz)
The Maizuru terrane is a late Paleozoic back arc system with a width of 10-30 km that extends~400 km in an arc starting in the Oshima Peninsula of Fukui Prefecture (the Oshima Peninsula in Hokkaido has the same spelling but a short initial vowel sound and these are distinct when written in Japanese) then tracing to the south and southwest inland before bending to the west and ending again on the Sea of Japan coast of Shimane Prefecture. The Maizuru terrane can be divided into three geologically distinct units.
The Northern unit mainly consists of variably deformed granite bodies associated with metagabbro, amphibolite, and garnet-biotite gneiss. Dating of granitic gneiss has revealed the presence of kilometer-scale bodies with formation ages of upto 1830 Ma in this area, representing the oldest basement rock yet reported in Japan (K. Kimura, Hayasaka, Shibata, Kawaguchi, & Fujiwara, 2019) . Archean grains are also recorded. SHRIMP zircon U-Pb dates of 425-405 Ma for deformed granite and 250-240 Ma for the undeformed granite have also been reported (Fujii, Hayasaka, & Terada, 2008) . This group of ages can be correlated with events recognized in the eastern margin of the North China Craton (K. Kimura et al., 2019) .
The Central unit is derived from a Permian inter or back arc basin.
The main rock types are a metamorphic sequence with basalt and basaltic tuff, gabbro, and dolerite protoliths associated with siliceous mudstone overlain by sandstone and mudstone interbedded with tuff and limestone. The sediments are collectively known as the Maizuru Group (Nakazawa, 1958; Shimizu, 1962; S. Suzuki, 1987) and yield Late Permian to Triassic fossil fusulinids, radiolarians, molluscs, and brachiopods. The presence of 260 Ma and 520-380 Ma detrital zircon and monazite ages (M. is compatible with derivation of some clastic material from the Northern unit.
The Southern unit is dominated by the Yakuno ophiolite, which consists of mantle peridotite, cumulate sequences, gabbro, dolerite, and basaltic volcanics associated with black mudstone . This ophiolite formed in an oceanic island arc-back arc setting in the Permian (Hayasaka, 1990; Ichiyama & Ishiwatari, 2004; Ishiwatari, Ikeda, & Koide, 1990; Suda, 2004) . Geochemical studies and U-Pb zircon geochronology show this igneous complex initially formed with MORB or oceanic plateau type magmatism in the period 340-320 Ma before changing to island-arc type magmatism in the period~290-280 Ma (Herzig, Kimbrough, & Hayasaka, 1997) .
The Maizuru terrane is locally unconformably overlain by Triassic formations composed mainly of fluvial fan sandstone and conglomerate with intercalated mudstone.
| Mino-Tanba-Ashio terrane (MT)
The Mino-Tanba-Ashio terrane is a Jurassic accretionary complex that structurally underlies the series of Paleozoic terranes to the north. Associated sequences are developed throughout most of Japan from the Ryukyu Islands in the southwest to northeast Japan including Hokkaido. Low-grade metamorphism in the prehnite-pumpellyite facies is widespread. The Cretaceous Ryoke high T/P metamorphic terrane is mainly developed in the southern part of the Mino-Tanba-Ashio terrane, and there is no clear thermal discontinuity between the two domains of metamorphism.
The Mino-Tanba-Ashio terrane shows a typical oceanic plate stratigraphy with basalt at its base overlain by limestone followed by chert and clastic rocks representing the approach of a plate toward an active margin. The basaltic rocks are generally massive but locally show pillow or brecciated structures. Limestone blocks yield Early to Middle Permian fusulina, bivalve, brachiopod, coral, and gastropod fossils and overlie basalt with oceanic island geochemical characteristics. Thinner layers of Upper Triassic deep-marine limestones (5-10 cm in thickness) are interbedded with chert and characteristically include shells of planktonic bivalves and radiolarian tests. Detrital materials in the clastic layers were derived from a Precambrian continent including high-grade metamorphic rocks (M. Adachi & Kojima, 1983; Shibata & Adachi, 1974; K. Suzuki, Adachi, & Tanaka, 1991; Takeuchi, 2000) .
There is an overall younging of the units from north to south or west to east. The younger units in the southern area are in a structurally lower position. These relationships reflect subduction accretion associated with plate motion toward the continental margin of east Asia. Thrusting is associated with formation of duplex structures which have been overprinted by later large-scale folding (K. Kimura & Hori, 1993; Matsuoka et al., 1994; Yao, Matsuda, & Isozaki, 1980;  S. Yoshida & Wakita, 1999) . Major structural discontinuities are commonly marked by the presence of mélange.
The Mino-Tanba-Ashio terrane is too old for it to be possible to relate its formation to movement of a particular plate. However, 
| Nagasaki terrane (Sanbagawa terrane?) (Na)
The Nagasaki high P/T metamorphic terrane outcrops in the west of Kyushu and consists of pelitic schist with lesser amounts of quartz and mafic schists. Lenses and blocks of serpentinite are also found scattered throughout the higher grade regions. Mica Ar and zircon U-Pb dating shows that sedimentation and metamorphism occurred in the Cretaceous (Miyazaki, Suga, et al., 2019; Nishimura, Hirota, Shiokai, Nakahara, & Itaya, 2004; Tsutsumi, Horie, Miyashita, & Shiraishi, 2011) . The foliation is gently dipping in all areas and the stretching lineation is approximately north−south.
There are similarities in lithology, metamorphic conditions, and ages of both protolith formation and metamorphism with the Sanbagawa terrane of southwest Japan (Miyazaki et al., 2016) . However, a correlation between the two terranes is not universally accepted due to the following differences. (i) If the Nagasaki and Sanbagawa terranes do correlate, this implies a major clockwise rotation in the trend of the orogen from roughly east−west in Shikoku to north−south in the Kyushu region. Such a change in orientation would be opposite to the anticlockwise changes in direction shown by the Chichibu and Shimanto terranes to the south (Figure 2 ). (ii) There are other clear differences such as the tectonic transport direction: in the Nagasaki terrane this is roughly north−south whereas in the Sanbagawa terrane it is dominantly east−west to WNW-SSE.
(iii) Another difference is that in areas to the east, the boundary with the Ryoke terrane, marked by the Median Tectonic Line, is a clear distinguishing feature of the Sanbagawa terrane, but is lacking in the region around the Nagasaki terrane. (iv) It may also be significant that recent identification of metamorphism under diamond-stable conditions in the Nagasaki terrane (Nishiyama, Nishi, Harada, Ohfuji, & Fukuba, 2018) has not been reproduced in the Sanbagawa terrane.
The abovementioned (i), (ii) and (iii) differences, however, may be explained by a clockwise rotation of about 50 and right-lateral strikeslip of southwest Japan against the Nagasaki area during the opening of the Sea of Japan (Faure, Fabbri, & Monie, 1988) . In addition, the Yobikonoseto Fault in the Nishisonogi Peninsula and Wakimisaki-Fukabori Fault in Nomo Peninsula are correlated with the Paleo-Median Tectonic Line (Nishimura et al., 2004) .
The main metamorphism of the Nagasaki terrane is in the epidote-blueschist to albite-epidote amphibolite subfacies, equivalent to the garnet to albite-biotite zones of Higashino (1990) defined in Shikoku and there is an overall increase in metamorphic grade structurally downwards in the Nomo Peninsula (Miyazaki & Nishiyama, 1989) . Higher grade blocks，such as garnet-bearing pyroxenite and quartz-bearing jadeitite, are locally present enclosed within the serpentinite in the Nishisonogi Peninsula (Nishiyama, 1989; Shigeno, Mori, & Nishiyama, 2005) . Kyanite-bearing amphibolite and high-pressure granulite facies rocks tectonically overlie epidoteblueschist facies schists in the Amakusa Shimojima area, and the amalgamation of these rocks probably took place at lower crustal depths (Miyazaki et al., 2013) .
The Nagasaki metamorphic rocks are in fault contact with overlying distinct domains of Triassic-Jurassic high P/T metamorphic rocks that can be assigned to the Suo unit of the Sangun terrane (Nishimura, 1998; Nishimura et al., 2004) and in places with Upper Cretaceous sediments.
| Nedamo terrane (Nd)
The Nedamo terrane is a Carboniferous accretionary complex, the oldest such domain in Japan and occupies a relatively small area between the South Kitakami and North Kitakami terranes (Figure 2) .
The main lithologies are mafic rock, chert, interbedded mudstone and felsic tuff, sandstone, and conglomerate. Mélange or broken formations are common. The mafic rocks are mainly basaltic volcaniclastics and massive lava locally with pillow structures. These rocks show both oceanic island and MORB geochemistries (Hamano et al., 2002; Uchino & Kawamura, 2009 ). Prehnite-pumpellyite to epidote blueschist facies parageneses are present in these rock types (Moriya, 1972; Onuki, Shiba, Kagawa, & Hori, 1988; Uchino & Kawamura, 2010a , 2010b . Chert shows centimeter-scale iron-manganese layers and yields Middle to Late Devonian radiolarians, conodonts, and sponge spicules (Hamano et al., 2002; T. Kawamura et al., 2013) . The chert is overlain by units including large amounts of felsic tuff. The presence of this tuff distinguishes the Nedamo terrane from other accretionary terranes of Japan. Mudstone and the muddy matrix to conglomerate locally yields Early Carboniferous radiolarians representing the age of trench-fill sediments shortly before accretion (Uchino, Kawamura & Kurihara, 2005; Uchino & Kurihara, 2019) . Serpentinized mantle-derived rocks and glaucophane-bearing schist (Uchino & Kawamura, 2006) occur as blocks decorating tectonic boundaries within the terrane and along its margins.
The Nedamo terrane has undergone ductile deformation displaying a northwest-southeast striking and southwest dipping foliation commonly associated with tight folds. The best estimates of the age of metamorphism of the metamorphic blocks come from Ar dating that yields ages of around 380 Ma (Kawamaura et al., 2007) . The Nedamo terrane may be geologically linked to the Kurosegawa and Sangun terranes.
| Nemuro terrane (Nm)
The Nemuro terrane makes up a large part of the eastern corner of Hokkaido and consists of Late Cretaceous to Early Paleogene clastic sedimentary rocks associated with volcanic and intrusive rocks (Kiminami, Niida, et al., 1992) and represents a forearc sequence. The lowest upper Cretaceous units contain lava and tuff breccia as well as coarse clastic rocks. The volcanic rocks consist of basalt, andesite, and dacite with both tholeiitic and calc-alkaline chemical affinities (Kiminami, Niida, et al., 1992) . Overlying sequences consist of muddy, sandy, and conglomeratic formations, representing turbidite, bottom current, and slump deposits (Kiminami, 1975 (Kiminami, , 1983 Naruse, 2003; Naruse & Ohtsubo, 2011) . Upper Cretaceous sections locally yield megafossils such as ammonoids and inoceramids (Naruse, Maeda, & Shigeta, 2000) . The Nemuro terrane extends to the present-day outer arc of the Lesser Kuril Islands.
| North Kitakami-Oshima terrane (NK)
The North Kitakami-Oshima terrane is an accretionary complex that Permian (Nakae & Kurihara, 2011) and Late Triassic (Uchino, 2017) clastic rocks are also known to occur in the western marginal parts.
The North Kitakami terrane can be divided into southwest and northeast units based on sandstone compositions (more K-feldspar rich in the northeast and more plagioclase-rich in the southwest), the presence in the southwest of characteristic Permian and Carboniferous marine chert and limestone, and Jurassic coral-bearing limestone.
Tight folds with an overall shallowly dipping enveloping surface are common in the north, whereas more open folds are seen to the south (the northern North Kitakami Massif) (Sugimoto, 1974) .
The North Kitakami-Oshima terrane has strong similarities with the Chichibu terrane and the two likely represent different parts of the same original geological domain. A particular characteristic shared by both terranes is the presence of an Upper Carboniferous sequence (Ehiro, Yamakita, Takahashi, & Suzuki, 2008) from basalt through alternating dolomite-chert beds to red ribbon chert. The main difference is the width of these two terranes: the North Kitakami-Oshima terrane reaches 150 km whereas the Chichibu terrane reaches a maximum of 10 km. This may reflect post-accretion tectonic thinning in southwest Japan. The southwestern margin of the North Kitakami-Oshima terrane may correlate with the Ultra-Tanba terrane (Nakae & Kurihara, 2011) .
The juxtaposition of the North and South Kitakami terranes was completed after the deposition of the Jurassic Torinosu-type limestone and before a major phase of deformation and low-grade metamorphism that affected both terranes. A younger age limit for this orogenic phase is given by the presence of undeformed mid-Cretaceous sediments ).
| Rebun-Kabato terrane (RK)
The Rebun-Kabato terrane is a north−south trending volcanic domain that lies in the eastern part of Hokkaido and borders the North Kitakami-Oshima terrane to the west. This terrane represents a volcanic arc linked to the subduction that also formed the Sorachi-Yezo and Idonnappu terranes. The main lithologies are mudstone, volcaniclastic sandstone, sandstone, mudstone, and tuff, associated with formations dominated by volcanic conglomerate, tuff breccia, pillow lava, and dykes (I. Ikeda & Komatsu, 1986; Kondo, 1991; Nagao, Akiba, & Omori, 1963; M. Nagata, Kito, & Niida, 1986) . Volcanic rocks are high-K basalt to andesite, including both tholeiitic and calc-alkaline series, with low-TiO 2 island arc characteristics (I. Ikeda & Komatsu, 1986; Kondo, 1993;  M. Nagata et al., 1986 ). An early to mid-Cretaceous age for most of the terrane is shown by radiolarian and ammonoid fossils (Kondo, 1991; Nagao et al., 1963; M. Nagata et al., 1986) and Ar-Ar dating of volcanic rocks (Kondo, 1991) . Clasts of Permian fusulina limestone (W. Hashimoto, Igo, Asakura, Tateno, & Nagase, 1960) and of Jurassic radiolarian siliceous mudstone (Kondo, 1991) are found in the conglomerate deposits and were probably derived from the Jurassic accretionary complex of the neighboring North Kitakami-Oshima terrane.
| Ryoke terrane including the Higo unit (Ry)
The Ryoke terrane is a region of high T/P metamorphism and associated magmatism located to the north of the Median Tectonic Line and stretching from Kyushu in the west to the Kanto mountains in the east with a distance of around 1000 km. This terrane has a width of 30-50 km and is similar in size to that of the Sierra Nevada and Peninsular Ranges batholiths in western North America. For most of its length, the Ryoke terrane can be considered a high T metamorphic domain affecting the southern part of the Mino-Tanba accretionary terrane and accordingly the dominant protoliths are mudstone, sandstone, and chert.
The southern margin of the Ryoke terrane is marked by the unconformably overlying Cretaceous forearc basin deposits of the Onogawa-Izumi Group or cut by the Median Tectonic Line (S. Wallis & Okudaira, 2016) .
The western and eastern extensions of the Ryoke terrane are less clear.
Correlations have been proposed with the Higo metamorphic unit in central Kyushu, high T/P metamorphic rocks in northern Kyushu, and the Abukuma terrane to the east of Tokyo. The protoliths in these regions of metamorphism are distinct from the Mino-Tanba terrane.
Metamorphism of the Ryoke terrane can be divided into six zones based on the mineral parageneses of metapelite: the chlorite-biotite, biotite, muscovite-cordierite, K-feldspar-cordierite, sillimanite-Kfeldspar, and garnet-cordierite zones in order of increasing grade (S. Wallis & Okudaira, 2016) . The chlorite-biotite and muscovitecordierite zones locally overlap with contact aureoles, which can make the separation between regional and contact metamorphism difficult (Skrzypek et al., 2016) . Peak temperatures for the different mineral zones show a progressive increase from around 450 C to over 800 C. Pressure estimates are variable but low and show a progression from < 0.1 to~0.7 GPa with increasing peak metamorphic temperature. The inferred metamorphic field gradient is 40-50 C/km.
Metamorphic P-T paths are essentially isobaric (Brown, 1998) , but some stages of nearly isothermal decompression have been suggested (Kamitomo, Imaoka, & Owada, 2008; Kawakami, 2002) .
The high T metamorphism is closely associated with granitic and tonalitic intrusions, and these can be divided into older and younger types (Koide, 1958) . The older units are foliated and were intruded as sheets or lenses parallel to the gneissose structure of high-grade domains. The lack of contact metamorphism around the older intrusions reflects the importance of these intrusions as a heat source for the regional metamorphism (Okudaira 1996) . The younger intrusions are nearly unfoliated and their intrusion postdates the main deformation of the Ryoke terrane. The conditions of early regional and later contact metamorphism can be very similar, but microstructural observations of aluminosilicate minerals can help distinguish them (Y. Adachi & Wallis, 2008; Miyake, Murata, & Morishita, 1992) .
The main ductile deformation is associated with a well-developed foliation and generally east−west oriented stretching subparallel to the terrane. The sense of shear is not always clear but where documented is shows west ward-directed shear of the overlying units relative to the underlying (Y. Adachi & Wallis, 2008) . Structures related to N-S extension and magma intrusion are also reported (Okudaira, Takeshita, & Hara, 1995) and this period may have been a time of closely related east−west and north−south extension. Close to the Median Tectonic Line, the Ryoke terrane shows high-strain non-coaxial sinistral deformation forming a mylonitic zone up to 2 km wide (Michibayashi & Masuda, 1993; Okudaira, Beppu, Yano, Tsuyama, & Ishii, 2009 ). The kinematics of deformation is similar to the main high T deformation of the Ryoke terrane, but the deformation close to the Median Tectonic Line is generally treated as a separate phase. The recrystallized grain size decreases toward the fault contact, suggesting locally high shear stresses (Okudaira & Shigematsu, 2012; Takagi, 1986) .
Upright open folds that deform the main ductile fabrics are common particularly in the high-grade zones closer to the Median Tectonic Line (Okudaira et al., 2001) . Locally it can be shown that intrusion of the younger igneous units began synchronously with and continued after this stage of folding (Nishiwaki & Okudaira, 2007) . Some of the prominent folds in strongly layered meta chert are premetamorphic and possibly accretion related (Okudaira & Beppu, 2008) .
Monazite U-Th-Pb (CHIME) ages suggest the peak of metamorphism occurred around 95-90 Ma (Kawakami & Suzuki, 2011; K. Suzuki & Adachi, 1998) There is a general eastward younging of K-Ar and Rb-Sr mineral isochron ages and this has been interpreted as the result of oblique subduction of a spreading ridge (Kinoshita, 1995; Kinoshita & Ito, 1986; Nakajima, 1994 Nakajima, , 1996 Nakajima, Shirahase, & Shibata, 1990) or differential exhumation (K. Suzuki & Adachi, 1998) . However, recent zircon U-Pb dating reveals crystallization ages younger than some of those previously reported, suggesting that substantial magmatic activity in the central part of the Ryoke terrane continued longer than generally thought (Skrzypek et al., 2016; Takatsuka et al., 2018) .
Irrespective of such revisions, there is a general overlap in the age ranges of the Ryoke metamorphism and the high P/T Sanbagawa terrane to the south and the two have commonly been linked as a pair of metamorphic belts as originally proposed by Miyashiro (1961) .
| Higo metamorphic unit and high T/P metamorphic rocks in northern Kyushu
The Higo unit is a kilometer-scale metamorphic domain located in west central Kyushu with metamorphic rocks showing amphibolite to granulite facies and migmatite formation at the highest grade. The main protoliths for the metamorphic rocks are sandstone, mudstone, mafic volcanic rocks, limestone, siliceous rock, and ultramafic rocks, which are probably derived from the Suo unit of the Sangun terrane. Parageneses of the meta-mudstone can be used to divide the unit into biotite, K-feldspar-sillimanite, garnet-cordierite, and orthopyroxene zones in order of increasing metamorphic grade (Miyazaki, 2004) . Sapphirine-bearing granulite locally occurs as blocks enclosed within metamorphosed ultramafic rocks (Osanai, Hamamoto, Maishima, & Kagami, 1998) . The Higo unit preserves a sequence about 10 km thick with increasing temperature and pressure down structural section (Miyazaki, 2004) . Zircon ages (Maki, Fukuyama, Miyazaki, Yui, & Grove, 2011) suggest the peak of metamorphism occurred 120-110 Ma Cretaceous high T/P metamorphic rocks derived from the Sangun and Akiyoshi terranes are also present in northern Kyushu. The metamorphic conditions, metamorphic ages, and overall geographical trend of these units suggest a correlation with the Ryoke terrane is likely (T. Miyazaki et al., 2017) . This domain of high T/P metamorphism is associated with formation of voluminous igneous rocks synchronous with formation and ascent of migmatite (Miyazaki, Ikeda, et al., 2019) .
| Sangun terrane (Sa) including the Oeyama ophiolite (Oe), Renge (r), and Suo units
The Sangun terrane is a high P/T domain distributed in a broad region of Honshu and the northern part of Kyushu that includes the prominent Oeyama ophiolite unit. It can also be traced further west to the Ryukyu Islands. Ar dating of phengite shows that the Sangun terrane actually consists of two distinct domains: an older Late Paleozoic domain that is commonly referred to as the Renge terrane or belt and a younger Early Mesozoic domain that is referred to as the Suo terrane or belt (Nishimura, 1998; Shibata & Nishimura, 1989; Tsujimori & Itaya, 1999) .
However, the two domains overlap in their distributions, have similar protoliths, and have undergone similar high P/T metamorphism. In addition, the Renge terrane has only limited known exposure. For these reasons, it is impractical to differentiate the two terranes on our map, and here we show them both as part of a wider Sangun terrane.
| Oeyama ophiolite (Oe)
The Early Palaeozoic Oeyama ophiolite is one of the main units of the Sangun terrane and occupies the structurally highest position of the accretionary units of the inner zone of southwest Japan (Ehiro et al., 2016; Ishiwatari et al., 2016) . The ophiolite mainly consists of serpentinized mantle peridotite. Jadeitic and other metamorphic rocks also occur as blocks in sheared zones. The ophiolite sequence has undergone contact metamorphism caused by Cretaceous granite intrusions (S. Arai, 1980; Kurokawa, 1985; Uda, 1984) . The original peridotite was dominantly lherzolite and harzburgite with local dunite and metamorphosed cumulate rocks (Kurokawa, 1985; Tsujimori & Ishiwatari, 2002) . No volcanic components of the Oeyama ophiolite have been reported. The Oeyama ophiolite is underlain by serpentinite mélange with blocks of~300 Ma high P/T metamorphic rocks that can be correlated with the Renge unit (Tsujimori, 1998) .
A Cambrian to Ordovician age for the Oeyama ophiolite is suggested by K-Ar dating of mafic intrusions (~450 Ma) (Nishimura, 1998) and zircon U-Pb dating of jadeitic metamorphic blocks (~530 Ma) in the associated mélange (K. Kimura & Hayasaka, 2015) . The Oeyama ophiolite is one example of the widespread ophiolite units formed at this time, including the Hayachine-Miyamori ophiolite of the South Kitakami terrane (Ishiwatari, 1991; Ishiwatari, Sokolov, & Vysotskiy, 2003) .
| Renge unit
The Renge unit is a high P/T metamorphic domain that dominantly consists of siliceous-mudstone, mudstone, and sandstone associated with lesser amounts of basalt and peridotite. The peridotite may be associated with the Oeyama ophiolite. The Renge metamorphic rocks occur as tectonic sheets or blocks within serpentinite mélange associated with the Oeyama ophiolite and only have a limited outcrop distribution. The Renge metamorphism is dominantly in the epidote-blueschist to epidote-amphibolite facies with local examples of lawsonite-blueschist and glaucophane-eclogite facies (Tsujimori, 2010) .
Zircon U-Pb dating suggests the peak metamorphism occurred around 360 Ma and Ar-dating of phengite yields an age-range of 360-280 Ma (Tsujimori, 2010) . Detrital zircon suggests a Late Devonian protolith age (Tsutsumi, Yokoyama, Terada, & Hidaka, 2011) . The 
| Suo unit
The Suo unit occupies a large part of the inner zone of southwest Japan and can be traced westwards to Kyushu and the Ryukyu Islands. The Suo unit is a metamorphosed Permian to Jurassic accretionary complex, consisting mainly of siliceous mudstone, mudstone, sandstone, and basalt locally associated with limestone, gabbro, and serpentinite. Rocks equivalent to the Suo unit may be present in the Kurosegawa terrane (Isozaki & Itaya, 1991) . The age of deposition is shown by radiolarian and conodont fossils (Hayasaka, 1987; Takeshita, Watanabe, & Ishiga, 1987) .
The main metamorphism of the Suo unit took place in the pumpellyite-actinolite, epidote-blueschist, greenschist facies, and epidote-amphibolite facies (M. Hashimoto, 1968; Hayasaka, 1987; Nishimura, 1971; Nishimura et al., 2004) . There is also local contact metamorphism with granite intrusions (Miyakawa, 1961; Shibata & Nishimura, 1989) .
The Suo unit is overlain by the Akiyoshi terrane and is in fault contact with the Yakuno ophiolite of the Maizuru terrane. Some workers suggest that the Suo unit in the eastern Chugoku area is the metamorphosed equivalent of the underlying Mino-Tanba-Ashio terrane (Hayasaka, 1987) . In western Kyushu, the Suo unit is directly underlain by the Cretaceous schists of the Nagasaki terrane (Nishimura et al., 2004) . Both the Nagasaki and Suo schists show similar polyphase ductile deformation (Oho, 1990) and the two are difficult to distinguish in the field. The main distinguishing feature is the age. Phengite K-Ar dating yields~220-190 Ma (Nishimura, 1998; Shibata & Nishimura, 1989) for the Suo schists whereas the Nagasaki schists are Cretaceous. U-Pb zircon ages (Miyamoto & Yanagi, 1996; Tsutsumi, Yokoyama, Terada, & Sano, 2003 ) support a Suo subduction metamorphism of around~220 Ma. This is in contrast with the 120-70 Ma age of subduction of the Sanbagawa terrane.
| Sanbagawa terrane (Sb) including the Mikabu unit (m)
The Sanbagawa terrane is a domain of Cretaceous high P/T metamorphism located to the south of the Median Tectonic Line. It is a wellstudied ancient record of warm subduction and can be closely compared to modern day warm subduction zones such as southwest Japan and Cascadia, west coast North America. The timing of the Sanbagawa metamorphism and kinematic evidence for highly oblique sinistral convergence help identify the subducting oceanic slab as part of the Izanagi plate (S. R. Wallis et al., 2009) . It is contemporaneous with the formation of the Shimanto accretionary complex and may be a more deeply buried equivalent. To the north, the high T/P Ryoke terrane also formed at the same time and is commonly identified as part of the contemporaneous volcanic arc. Together these two metamorphic terranes are commonly referred to as paired metamorphic belts. The main problem with considering these two domains as contemporaneous genetically linked paired belts is that they are now adjacent. What has happened to the intervening units? In modern settings, the domains of high and low P/T metamorphism should be separated by 100-200 km horizontal distance.
| Protolith
The main lithological components of the Sanbagawa terrane are psammitic, pelitic, quartz, and mafic schists representing a paleo oceanic plate stratigraphy of sandstone, mudstone, chert, and basalt. In central Shikoku, there are also significant units of limestone and metagabbro Endo, Wallis, Tsuboi, Aoya, & Uehara, 2012) .
Blocks of serpentinized mantle rock are an additional minor but widespread component. These blocks are only present in the high-grade zone implying that the slab-derived units had to be subducted to depth before they came into contact with the mantle-derived serpentinite (Aoya, Endo, Mizukami, & Wallis, 2013) . This is strong geological evidence that the serpentinite is derived from the mantle wedge, and the contact with the slab-derived units represents a fossil plate boundary.
The Higashiakaishi unit of central Shikoku deserves special mention as one of the only two known garnet peridotite bodies recognized in an oceanic subduction settingthe others are in continental collision zones. The Sanbagawa terrane is also well-known in resource geology as the host of the eponymous examples of Besshi-type Cu deposits.
| Metamorphism
The main Sanbagawa metamorphism can be divided into three mineral zones based on characteristic Fe-Mg silicates developed in metapelite: the chlorite, garnet, and biotite zones. The biotite zone can be subdivided into a lower temperature albite-bearing zone and a higher temperature oligoclase-bearing zone (Enami, 1983) . The degree of metamorphism shows a clear general increase in grade toward the Median Tectonic Line although folding and faulting locally complicate this trend (Mori & Wallis, 2010) . The metamorphic zonation defined by the mineral zones of the main metamorphism cross-cuts an earlier eclogite facies metamorphism.
There is also local evidence for a pre-eclogite facies metamorphism at relatively high T and moderate P ). The polyphase metamorphic history can be explained as different stages in the thermal evolution of the same subduction zone: hot conditions shortly after the initiation of subduction, deep subduction, and heating during exhumation.
Each of these phases is associated with distinct temperature peaks. The main phase of subduction-related P-T paths shows a distinctive strongly curved trajectory with increasing P/T at greater depths.
| Geochronology
The oldest protolith ages from the Sanbagawa terrane are given by Re-Os dating of Cu-sulphide deposits, which yields an age of 150 Ma and is interpreted as the result of hydrothermal activity close to a spreading axis (Nozaki, Kato, & Suzuki, 2013) . The next distinct stage is recorded by zircon U-Pb and garnet Lu-Hf ages, which indicate mineral growth at 120-115 Ma K. Okamoto et al., 2004) . This can be related to the early stage metamorphism shortly after the inception of subduction. The best estimate of the peak of eclogite metamorphism and the main phase of subduction-related prograde metamorphism is given by Lu-Hf dates of garnet in Shikoku at around 90 Ma (S. R. Wallis et al., 2009 ) implying a 30 myr gap between initial subduction and the main phase of metamorphism recorded in the rocks. Detrital zircon ages slightly older than this in the same area show that psammitic and pelitic units were subducted shortly after deposition in a trench setting Knittel et al., 2014) . Mica Ar-Ar cooling ages combined with P-T paths from central Shikoku suggest exhumation was initially at rates of centimeters per year (S. R. Wallis et al., 2009) . Zircon fission track and erosional ages suggest subsequent exhumation was slower but largely complete by 55 Ma (S. Wallis, Moriyama, & Tagami, 2004) . The order of magnitude change in exhumation rate suggests a change from buoyancy-related to erosion-related exhumation.
| Deformation
The Sanbagawa terrane generally has a strong penetrative northdipping foliation associated with WNW-ESE to west−east stretching lineation which formed during exhumation. A younger phase of upright folding with roughly east−west fold axes is also widely developed. An earlier polyphase history of ductile deformation can be recognized in the high-grade parts of central Shikoku, but this is poorly preserved in other areas. Subduction-and exhumation-related deformation stages show plane-strain to flattening finite strain types. Uniaxial extension seen in some rocks is the result of overprinting strain related to two separate phases and not a contemporaneous deformation type (Aoya, Noda, et al., 2013; Moriyama & Wallis, 2002) . There is good lateral continuity of many lithological layers, showing that the Sanbagawa terrane can be distinguished from mélange-dominant subduction-type metamorphic terranes such as Kamuikotan unit of the Sorachi-Yezo terrane. The difference is likely related to the relatively high T of Sanbagawa terrane. Several distinct nappes can be identified with distinct metamorphic and structural histories; three commonly identified are the eclogite, Shirataki or Besshi, and Oboke units (Aoya, Noda, et al., 2013;  S. Wallis & Okudaira, 2016) .
| Tectonics
The age of orogenesis in the Sanbagawa terrane and the orogenoblique movements are best explained if orogenesis is related to the rapid oblique subduction of the former Izanagi Plate with a sinistral sense of shear (S. R. Wallis et al., 2009) . The Sanbagawa terrane preserves evidence for events from subduction initiation at around 120 Ma to exhumation at around 60 Ma. The onset of exhumation coincides with a significant rise in temperature. A rise in T would reduce the strength of the rocks and allow buoyancy forces to bring the rocks back to mid crustal levels. Further exhumation can then be explained by a combination of extensional tectonics and erosion. The change from rapid to slow exhumation rates described in the section on geochronology may correspond to such a change in exhumation mechanism. Several authors have suggested that the formation of the Sanbagawa metamorphism is related to the approach and subduction of an active spreading ridge (Aoya, Uehara, Matsumoto, Wallis, & Enami, 2003) . However, new dating shows that the age of the slab at the time of formation was around 60 Ma (Nozaki et al., 2013) and not very young as should be the case for a ridge subduction model.
| Mikabu unit
The southern boundary of the Sanbagawa terrane is marked by a prominent series of mafic and ultramafic rocks with lesser amounts of siliceous mudstone, chert, and limestone collectively known as the Mikabu unit. The structural relationship with the Sanbagawa terrane has been disputed. However, recent studies suggest the Mikabu unit is part of the overlying carapace to the Sanbagawa metamorphic terrane (Endo & Wallis, 2017 ) but has undergone low-grade Sanbagawa metamorphism. Therefore, it is lithologically and tectonically distinct but in terms of metamorphism can be thought of as part of the Sanbagawa terrane. The Mikabu unit and similar units in the Sorachi-Yezo terrane of Hokkaido probably represent fragments of a Jurassic ocean plateau (Ichiyama, Ishiwatari, Kimura, Senda, & Miyamoto, 2014) . Igneous zircon from the Mikabu unit yields ages of ca 160-150 Ma (Endo & Yokoyama, 2019; Sawada et al., 2019) .
| Shimanto terrane (including cretaceous (K) and Paleogene to Neogene parts (P-N) (Sh)
The Shimanto terrane is a Cretaceous to Neogene accretionary complex developed throughout the outer arc of southwest Japan from areas around Tokyo, through the Kii Peninsula, Shikoku, Kyushu, and out to the Ryukyu Islands and has become established as one of the key areas for studying shallow accretionary tectonics. The main rock types are interbedded mudstone and sandstone that commonly show well-developed sedimentary structures indicating a turbidite origin.
Chert and basalt, locally including well-preserved pillow basalt, are also locally important. The Sorachi-Yezo, Idonnappu, and Hidaka accretionary complexes in Hokkaido are of a similar age to the Shimanto terrane and probably represent part of the same large plate convergent margin (G. Kimura et al., 2016) . The Sanbagawa high P/T terrane has similar depositional age to the Shimanto terrane and may represent the metamorphosed equivalent (Aoki, Maruyama, Isozaki, Otoh, & Yanai, 2011; Isozaki et al., 2010; Kiminami, Hamasaki, & Matsuura, 1999) .
Two major subdivisions are recognized within the Shimanto terrane: an Early to Late Cretaceous northern unit and a mainly Eocene to early Miocene southern unit. The boundary between these units is a major tectonic boundary represented by the Aki Tectonic Line in Shikoku, the Gobo-Hagi Tectonic Line in the Kii Peninsula, and the Nobeoka Thrust in Kyushu. The amount of feldspar is greater in sandstone of the older northern unit than in sandstone of the younger southern unit, suggesting the younger sandstone contains detrital material reworked from the older one (Taira, Okada, Whitaker, & Smith, 1982) . Oceanic rocks such as chert and basalt are much more common in the younger unit than in the older unit (Taira, Katto, Tashiro, Okamura, & Kodama, 1988) .
Zones of broken formations or mélange units can be traced over many tens of kilometers. These zones consist of a matrix of sheared mudstone containing blocks of sandstone, chert, and basalt and are thought to represent fossil major fault zones including the ancient plate boundary. Numerous important finds have been reported from these rocks including the presence of pseudotachylite (Ikesawa, Sakaguchi, & Kimura, 2003; Kitamura et al., 2005; Ujiie, Yamaguchi, Sakaguchi, & Toh, 2007) , which demonstrates the presence of seismic faulting even at relatively shallow levels in the accretionary complex.
Veins at low angle to the shear plane have also been highlighted as important in the formation of slow earthquakes (Ujiie et al., 2018) .
| Deformation and relationship to plate tectonics
Folds and thrusts of the Shimanto terrane show a southward vergence and downward younging (Kanmera & Sakai, 1975; Taira et al., 1980 Taira et al., , 1988 . The higher temperature parts of the terrane show clear north −south stretching such as in the northern unit of Kyushu. These features are all compatible with orogen-normal tectonic movement, but significant strike-slip movements are also possible. Large-scale northward-plunging antiforms form a prominent set of structures in the younger part of the terrane. Some workers have suggested this mega-kink structure formed by recent strike-parallel shortening (Kano, Kosaka, Murata, & Yanai, 1990; Sugiyama, 1994; Yanai, 1986) .
However, G. Kimura et al. (2016) suggest they are an original feature of the terrane associated with the subduction of sea mounts and other ocean bottom morphological features. The Shimanto terrane is locally associated with magmatic intrusions with a similar age to that of sedimentation; in particular, the gabbro sequence at Cape Muroto and the granite body as Cape Ashizuri in Shikoku. G. Kimura, Hashimoto, Kitamura, Yamaguchi, and Koge (2014) suggest that there is widespread intrusion at depth and this has contributed to the crustal thickness of the region.
There are distinct gaps in the age of accreted material in the Shimanto terrane. These may be due to tectonic erosiona process that has been highlighted in the history of Japan by Isozaki et al. (2010) but could also be explained by periods of non-accretion or non-subduction. G. Kimura et al. (2014) propose that subduction ceased between~12 Ma and 8 Ma due to the change in the underlying plate: from the Pacific Plate to the Philippine Sea Plate and is responsible for one of the recognized accretion gaps.
The modern offshore region from much of the Shimanto terrane consists of the Nankai accretionary complex, formed by the convergence of the Philippine Sea Plate with the Japanese margin. The boundary between the two is thought to be gradual but is generally obscured by overlying sediments of forearc basins. Philippine Sea Plate subduction beneath southwest Japan is restricted to the Neogene, and older parts of the Shimanto terrane are thought to have been accreted during convergence of the Pacific and other plates that formerly bordered southwest Japan. Former plate motion vectors can be reconstructed from magnetic anomalies and traces of transform faults (Engerbretson et al., 1985) , however, such methods cannot place any good constrains on the location of plate boundaries for sections that have been subducted away. An alternative approach is to compare the kinematics and age of on-land deformation with changes in plate-motion vector. This information has been used in southwest Japan to identify the plate responsible for accretion of different parts of the Shimanto and Sanbagawa terranes (Tokiwa, 2009; . The most likely sequence of events is Izanagi plate (≥~85 Ma), Kula plate (85-65 Ma), and Pacific plate (65-20 Ma) associated with sinistral, dextral, and normal convergence, respectively.
The two boundaries between these three plates were extensional and ridge subduction may be involved in various geological processes.
It has been suggested that the thermal structure of the Shimanto terrane represents a late stage thermal event, possibly related to ridge subduction. However, direct evidence is scarce and there is a need for a clear set of geological criteria to determine if ridge subduction has occurred or not.
| South Kitakami terrane (SK) including the Matsugadaira-Motai metamorphic unit (mm) and Hayachine-Miyamori opholite (hy)
The South Kitakami terrane is a large domain of dominantly continental Paleozoic rocks located in northeast Honshu and is an important source of information concerning Japan's geological links to the east Asian continental margin. Although the names are similar, the North and South Kitakami terranes are geologically distinct having formed at different times in different tectonic settings (the South Kitakami terrane formed as an island arc with continental basement, whereas the North Kitakami terrane represents an accretionary complex with an oceanic plate stratigraphy) and have contrasting lithological assemblages.
The main part of the South Kitakami terrane is a forearc basin sequence with a basement of granitic rocks unconformably overlain by Silurian sediments. The Hikami Granite body is a well-known part of the granite basement and is thought to have an age of around 440 Ma by many workers (Asakawa, Maruyama, & Yamamoto, 1999; Watanabe, Fanning, Uruno, & Kano, 1995) . This age is compatible with the presence of a Silurian unconformity, but other workers have suggested a younger age (M. Adachi, Suzuki, Yogo, & Yoshida, 1994; Shimojo, Ohto, Yanai, Hirata, & Maruyama, 2010; K. Suzuki, Adachi, Sango, & Chiba, 1992) , and this remains a significant point of debate.
The sedimentary sequence consists of a basal arkose overlain by Silurian limestone and calcareous mudstone followed by Devonian interlayered mud and sandstone. Numerous fossils have been reported from this sequence including corals, trilobites (Kato et al., 1980; T. Kobayashi & Hamada, 1977; Minato, Hunahashi, Watanabe, & Kato, 1979) , and Middle Devonian radiolarians (Umeda, 1996) . Younger Carboniferous and Permian shallow marine strata consist of volcaniclastics, limestone, and siliciclastic deposits with a fauna including corals and brachiopods. Higher units yield plant fossils belonging to the Cathaysian flora (Asama, 1956 (Asama, , 1967 of the South China Craton.
A back arc setting in the Early Carboniferous is suggested by volcanism with bimodal SiO 2 contents (M. Kawamura et al., 1990) . The overlying Permian sequence consists mainly of limestone and shallow marine clastic sediments. The lack of volcaniclastic deposits contrasts with the underlying Devonian and Carboniferous sequences. A distinctive Permian conglomerate facies consist of a muddy or sandy matrix with clasts of granite that yield ages of 260-240 Ma (Takeuchi & Suzuki, 2000) . The presence of these granitic clasts is evidence for continued arc formation and related subduction during the Late Permian and perhaps until the Early Triassic.
Triassic to lowest Cretaceous strata in the South Kitakami terrane were deposited in a shallow marine or alluvial environment and are mainly composed of clastic rocks in association with rare limestone and tuff. These strata are the youngest that are not recognized in the neighboring North Kitakami terrane and give an older limit on the age of juxtaposition of the North and South Kitakami terranes.
| The Matsugataira-Motai metamorphic unit (mm) and Hayachine-Miyamori ophiolite (hy)
A series of high P/T type metamorphic rocks are present in the western margin of the South Kitakami Terrane and are divided into the Matsugadaira metamorphic rocks in the south (geographically part of the eastern Abukuma massif) and the Motai metamorphic rocks in the north (geographically part of the western Kitakami massif). The metamorphism is associated with the development of alkali-amphiboles and pumpellyite typical for high P/T conditions (Kanisawa, 1964; Maekawa, 1988) . The main rock types represent a metamorphosed oceanic plate stratigraphy: mafic, siliceous, pelitic, and psammitic schists, associated with metagabbro and serpentinite. The mafic rocks have a MORB composition (Kawabe, Sugisaki, & Tanaka, 1979; Tanaka, 1975) . This lithological assemblage is associated with mélange zones suggesting an accretionary complex origin (Ehiro & Okami, 1991; Umemura & Hara, 1985) . Radiometric dating of probably related arc-type intrusive rocks (Isozaki et al., 2015) indicates that subduction in this region was active in the Cambrian. The Matsugataira metamorphic unit is unconformably overlain by unmetamorphosed Devonian siliciclastic rocks (Ehiro & Okami, 1990) . implying the ophiolite formed in an island arc setting (Ozawa, 2016; Uchino & Kawamura, 2016) . These basement units are stratigraphically overlain by a variety of deposits of including tuffaceous sand and mudstone conglomerate, arkose, and limestone. The limestone is associated with Silurian corals and trilobites (Okami, Ehiro, & Oishi, 1986) . Zircon U-Pb ages of~470-450 Ma indicate an Ordovician age for the Hayachine Complex (Shimojo et al., 2010) consistent with the age of the overlying sediments.
The arrangement of the Matsugataira-Motai high P/T metamorphic rocks in the west, adjacent to the forearc Miyamori Complex followed by the backarc Hayachine Complex further east, suggests the former subduction was from west to east. Structures in the neighboring Nedamo accretionary terrane suggest Devonian subduction was to the southwest suggesting a switch in subduction polarity, probably in the Silurian.
| Sorachi-Yezo terrane (SY) including the Kamuikotan unit (k) and Horokonai ophiolite
The Sorachi-Yezo terrane is part of a large east Asian Cretaceous forearc system that stretches ⁓1500 km from Sakhalin Island to offshore northeast Honshu (Ando, 2003) and in Hokkaido this terrane is oriented north−south bisecting the island. The Sorachi-Yezo terrane consists of a Late Jurassic to Early Cretaceous ophiolite to forearc basin sequence, which includes the Horokanai ophiolite and the overlying sedimentary units of the Sorachi Group and the overlying Cretaceous forearc basin sediments of the Yezo Group. These units are underlain by accretionary complexes that have undergone high P/T metamorphism and are referred to as the Kamuikotan unit , and here we treat these four units as components of the Sorachi-Yezo terrane. A distinct set of Cretaceous accretionary units and an associated ophiolite lies between the Sorachi-Yezo and Hidaka terranes. These units may be equivalent to the Kamuikotan unit (Iwasaki et al., 1995; Watanabe et al., 1994) , but here we discuss them as a distinct Idonnappu terrane.
| Horokanai ophiolite
The Horokanai ophiolite (Asahina & Komatsu, 1979; Ishizuka, 1985) has undergone strong tectonic disruption, but an ophiolite succession of peridotite, gabbro, amphibolite, MORB-like basalt, and siliceous sedimentary rocks can be defined (Ueda, 2016) . This succession is conformably overlain by clastic rocks of the Yezo Group. The base of the peridotite is in fault contact with schists of the Kamuikotan unit. Basalt and gabbro underwent low-pressure metamorphism from zeolite to granulite facies. Chert overlying the basalt yields Late Jurassic radiolarians (Ishizuka, Okamura, & Saito, 1983; Kawabata, 1988; Kiminami, Komatsu, et al., 1992) .
| Sorachi Group
The Sorachi Group is generally divided into a basaltic lower part and a volcaniclastic upper part . The lower part consists almost entirely of pillow and massive basalt and their volcaniclastic equivalents. These units can be correlated with the basaltic section of the Horokanai ophiolite. The basalts are characterized by non-vesicular and aphyric tholeiites, and are locally picritic. The origin is disputed and ocean floor (Ishizuka, 1981; Kiminami, Kito, et al. 1985; Kiminami, Kontani, et al., 1985; Niida, 1992) , oceanic plateau (Ichiyama et al., 2012 (Ichiyama et al., , 2014 Nagahashi & Miyashita, 2002) , and back-arc (Takashima, Nishi, & Yoshida, 2002) settings have all been proposed.
The upper part of the Sorachi Group is characterized by siliceous and volcanogenic sedimentary rocks such as chert, siliceous mudstone, felsic tuff, and volcanic sandstone and conglomerate, with locally intercalated basaltic pillow lavas, dolerite sills (Kito, 1987; Niida, 1992) , felsic tuff breccia, and quartz diorite dykes (Girard, Jolivet, Nakagawa, Aguirre, & Niida, 1991) . Siliceous sedimentary rocks yield Late Jurassic to middle Early Cretaceous radiolarians (Kanie, Taketani, Sakai, & Miyata, 1981; Kiminami, Kito, et al., 1985; Kiminami, Kontani, et al., 1985; Kito, 1987 Kito, , 1995 Kito, , 1997 Minoura, Kumano, Kito, Kamata, & Kato, 1982; Takashima, Yoshida, & Nishi, 2001) . The geochemistry of volcanic rocks of the upper Sorachi Group suggests formation in an arc setting (Girard et al., 1991; Niida, 1992; Takashima et al., 2002) .
| Yezo Group
The Yezo Group is characterized by thick terrigeneous clastic sequences ranging from Early Cretaceous to Palaeocene. It is well known for its rich fossil contentsin particular ammonoids and inoceramidsand well-preserved sedimentary and paleoenvironmental records (Ando, 2003; Takashima et al., 2004) . The lower part of the Yezo Group conformably overlies the Sorachi Group, and its base is defined as the onset of terrigenous clastic supply represented by siliciclastic sandstone or black mudstone (Kanie et al., 1981; Kito, 1987) . These stratigraphic relationships are the main basis for assigning the Yezo Group a forearc basin origin (Kiminami, Kito, et al., 1985; Kiminami, Kontani, et al., 1985; . The lower Cretaceous sediments consist of un-fossiliferous deepsea turbidities followed by turbidities with calcareous micro-and mega-fossils. The upper Cretaceous units are represented by strongly bioturbated shelf mudstone and sandstone with abundant molluscan fossils. The uppermost parts are sandy and gravelly, reflecting shallower water deposition. Sedimentary blocks of serpentinite (H. Nagata, Kito, & Nakagawa, 1987;  K. Yoshida et al., 2010; K. Yoshida, Taki, Iba, Sugawara, & Hidaka, 2003) , blueschist, and epidote amphibolite (M. Kawamura, Ueda, & Narushima, 1999; Ueda, Kawamura, & Yoshida, 2002) are locally observed in coarse sedimentary layers implying syn-orogenic exhumation of mantle material and high P/T rocks.
| Kamuikotan unit
The Kamuikotan unit consists of high P/T metamorphic rocks and serpentinite, exposed in the cores of anticlines within the Yezo Group. Most of the high P/T rocks occur either as coherent schist domains associated with lower-grade metamorphic accretionary units, or as blocks within serpentinite mélange (Sakakibara & Ota, 1994) . The Kamuikotan metamorphic rocks can be grouped into at least three types in terms of protolith, metamorphic condition, and ages (Ueda, 2016 ).
1. The first group represents the oldest rocks that consist of epidotealbite amphibolite with minor garnet amphibolite and garnetquartz schist and occur as isolated blocks in serpentinite mélange or in lower-grade schists (Bikerman, Minato, & Hunahashi, 1971; Ishizuka & Imaizumi, 1980; Katoh, Niida, & Watanabe, 1979; Nakagawa & Toda, 1987) . Mica Ar cooling ages of 130-125 Ma (Bikerman et al., 1971; Imaizumi & Ueda, 1981; Ota, Sakakibara, & Itaya, 1993 ) likely record a time after peak metamorphic temperature. These lithologies commonly show retrograde blueschist facies metamorphismfor example, sodic amphibole rimming hornblendeimplying an anticlockwise P-T path, as expected shortly after the onset of subduction.
2. The second group consists dominantly of metabasites and chert associated with pelitic and psammitic rocks and occurs mainly as coherent masses such as the Iwashimizu Complex (M. Kawamura et al., 1998; Ueda, 2005) . These rocks underwent blueschist facies and lower grade (lawsonite-albite facies) metamorphism characterized by the presence of metamorphic aragonite, lawsonite, sodic amphibole, and jadeitic pyroxene. Chert of the Iwashimizu Complex yields Late Triassic earliest Cretaceous radiolarians. Mudstone yields early to mid-Cretaceous radiolarians and this is likely to represent the age of accretion (Hori & Sakakibara, 1994;  M. Kawamura et al., 2001) . Metabasites of the Iwashimizu Complex show oceanic island geochemical characteristics (G. Kimura, Sakakibara, & Okamura, 1994; Nakano & Komatsu, 1979; Sakakibara et al., 1999) . Similarities in sedimentary ages and basalt geochemistry suggest links between the Iwashimizu Complex and the accretionary units in the Idonnappu terrane (Iwasaki et al., 1995; A. Okamoto et al., 2015; Watanabe et al., 1994) .
3. The third group is found in the Pankehoronai Complex and is characterized by strongly foliated and folded pelitic schist with lesser amounts of similarly deformed siliceous, psammitic, and mafic schists. This group is characterized by pumpellyite-actinolite facies metamorphism. A higher thermal gradient than the Iwashimizu Complex is indicated by the presence of calcite instead of aragonite as the stable form of CaCO 3 and actinolite instead of glaucophane.
| Tokoro terrane (Tk)
The Tokoro terrane lies to the east of the Hidaka terrane in Hokkaido and can be separated into the Nikoro Group which is an accretionary complex and the Saroma Group which is the overlying forearc basin deposit (Kiminami, Kito, et al., 1985; Kiminami, Kontani, et al., 1985) . The Nikoro Group consists mainly of metabasalt with chert, local pelagic limestone, and volcaniclastic rocks.
The pelagic sediments yield Late Jurassic to Early Cretaceous micro fossils (Iwata et al., 1990; Kiminami, Suizu, & Kontani, 1983; Okada et al., 1989) and the clastic deposits are likely to be Upper Cretaceous (Sakakibara, Isozaki, Nanayama, & Narui, 1993) . The mafic rocks of the Nikoro Group show a mixture of tholeiitic and alkaline basaltic compositions, which may represent abyssal ocean floor and seamount origins, respectively (Niida, 1981; Sakakibara et al., 1986) , or ocean floor affected by plume-ridge interaction (Yamasaki & Nanayama, 2017) . Zeolite to prehnite-pumpellyite facies metamorphism is widespread and associated with the development of metamorphic aragonite, lawsonite, sodic pyroxene, and sodic amphibole. The estimated metamorphic conditions are 200-300 C at 0.5-0.6 GPa (Sakakibara, 1991) . The Saroma Group is a coherent sedimentary sequence of conglomerate, sandstone, and mudstone and occurs in synclines unconformably overlying the Nikoro Group. A Late Cretaceous sedimentary age is suggested by bivalve (Obata, Hayami, Matsukawa, Teraoka, & Taketani, 1993) and radiolarian fossils (Kanamatsu, Nanayama, Iwata, & Fujiwara, 1992) .
| Ultra-Tanba terrane (UT)
The Ultra-Tanba terrane is a Permian accretionary complex that occurs sandwiched between the Maizuru and Mino-Tanba-Ashio terranes. It is mainly distributed in central Honshu, but can be correlated with the older parts of the North Kitakami-Oshima terrane (Nakae & Kurihara, 2011) and the Sikhote-Alin Mountains, eastern Russia (Kojima, Kemkin, Kametaka, & Ando, 2000) . The oldest units of the Ultra-Tanba terrane are coral-bearing Carboniferous limestone associated with radiolarian chert and basalt (Igi, Kuroda, & Hattori, 1961; Pillai & Ishiga, 1987; Takemura, Suzuki, & Ishiga, 1993) . Chert of Permian age is also recognized (Sugamori, 2009) as associated with fossiliferous middle to late Permian mudstone sandstone and felsic tuff.
Three distinct tectonic units can be defined separated by thrust faults. The sedimentary age of chert and mudstone shows an overall younging from higher to lower structural units compatible with a subduction accretion history. The northward dip of the slaty cleavage and geometries of mesoscopic folds suggest a southward transport direction. Finite strain and degree of metamorphism increase down section (K. Kimura, 1988; Takemura & Suzuki, 1996) . The relationship between the Ultra-Tanba and Mino-Tanba-Ashio terrane is not well understood. A recent finding in the Ultra-Tanba terrane of conglomerate with serpentinite pebbles probably derived from the Oeyama ophiolite suggests that the Early Paleozoic ophiolite was exposed in the forearc of the Permian subduction zone in which the Ultra-Tanba terrane was accreted, while the Permian Yakuno ophiolite formed at the same time in the volcanic arc-back arc areas (Sugamori & Ishiwatari, 2015) .
| ZONAL ARRANGEMENT OF JAPAN
Although there are complications, probably due to post-accretion tectonics, the zonal arrangement of the Japanese terranes as described above generally follows an oceanward-younging rule, which corresponds to downward younging in cross section. This arrangement reflects successive underplating of accreted terranes beneath the hanging wall of the subduction zonea process that operated throughout the Phanerozoic. As an example, in the Inner Zone of southwest Japan, from north to south, the early Paleozoic Oeyama 
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